The features of the band structures of woodpile three-dimensional (3D) photonic crystals composed of plasma and function dielectric constituents, referred to as function plasma photonic crystals (FPPCs), are theoretically studied by a modified plane wave expansion method, and the formulas for computing the band structures are derived. The arrangement for the proposed FPPCs is that the function dielectric columns are surrounded by plasma, and the embedded dielectric columns are stacked according to the woodpile lattices, which are arrayed with facecentered-tetragonal symmetry. The relative permittivity of function dielectric rods depends on the function coefficient and space coordinates. The relationships between the parameters for inserted function dielectric rods and plasma and the band structures are also investigated. The computed results illustrate that the obtained PBG can be tuned by those parameters as mentioned above. Compared to dielectric-air PCs, function dielectric PCs and plasma dielectric PCs with the same topology, a wider bandwidth of the photonic band gap can be observed in the proposed FPPCs. The calculated results also show us another alternative way to realize reconfigurable applications with 3D FPPCs.
Introduction
In 2004, plasma photonic crystals (PPCs) were first reported as a new concept [1] , and have been fully investigated both theoretically and experimentally over the past few decades. As a better developed kind of PC, photonic band gaps (PBGs) can also be seen in PPCs [2] . The feature of PBGs is their ability to manipulate the propagation of light. In the frequency regions of PBGs, the incident light cannot propagate through the PCs. Unlike ordinary dielectric PCs, an amazing investigated by many scholars, including one-dimensional (1D) [7] , two-dimensional (2D) [8] and three-dimensional (3D) cases [9] . Unlike conventional PCs with different dielectric constituents, PPCs not only possess interesting dispersion properties [10] [11] [12] , but advanced features can also be obtained, such as enlarged PBGs [13] , tunable defect modes [14] , and tunable PBGs [15] , and complex electromagnetic modes have been achieved in magnetized PPCs [16] . PPC experiments have also been conducted by many researchers, where it has been shown that plasma demonstrates metamaterial properties under specific conditions [17] . Consequently, PPCs have some abnormal properties in some cases [18] [19] [20] , such as magneto-optical effects, nonlinearity and nonreciprocal properties.
It is well known that 3D PPCs are preferable for realizing complete PBGs compared to 1D and 2D cases. Over the last few years, Zhang and co-workers have studied the features of band structures for 3D PPCs under different conditions [20] [21] [22] , and they claim that tunable complete PBGs can be seen. However, in their reports, only some simple physical models are considered, consisting of a spherical filler embedded into the PPCs with diamond, simple-cubic (SC) and face-centered-cubic lattices, respectively. In those cases, the attained PBGs are narrowed, and the PPC structures can barely be fabricated in reality. Compared with those lattices, the woodpile lattice is an important lattice structure. As mentioned in [23] [24] [25] , compared with conventional lattices, PCs with woodpile lattices can produce larger PBGs. Thus, woodpile lattices are more feasible in order to realize new functional applications with PCs. On the other hand, there are also many methods to enhance the frequency ranges of PBGs [26, 27] . Additionally, PCs with some special dielectrics which are 'nonlinear' and 'dispersion' materials can also enlarge and manipulate PBGs. In nature, a kind of 'function' dielectric exists, whose permittivities are a function of the space ordinates r, such as polystyrene and SiO 2 . These interesting properties can be achieved in PCs with such 'function' dielectrics [28] [29] [30] . Recently, the characteristics of 'function' PCs have also been reported [31] [32] [33] . The research results illustrate that if the parameters of 'function' dielectrics are changed, the locations of the PBGs also change. Obviously, PCs with 'function' dielectric and plasma constituents (FPPCs) can produce adjustable PBGs. Until now, the features of PBGs for 3D woodpile FPPCs have not been studied.
The purpose of this work is to investigate the features of band structures for woodpile 3D FPPCs in theory. The arrangement of such an FPPC is that function dielectric columns are surrounded by plasma, and the embedded dielectric columns are stacked according to the woodpile lattices, which are arranged with face-centered-tetragonal symmetry. The band structures of 3D woodpile FPPCs are computed by the plane wave expansion (PWE) method. The relative permittivity of function dielectric columns can be written as a function of space coordinates. In the following sections, we consider that ω is angular frequency.
Theoretical model and numerical method
In figure 1 , the spatial structure diagrams of the proposed 3D FPPCs and the first irreducible Brillouin zone (1st BZ) for face-centered-tetragonal lattices are displayed. In figure 1 , the gray rods represent the function dielectric rods, and the background is the plasma. As shown in figures 1(a) and (b), the proposed 3D FPPCs are made of function dielectric columns layers. The inserted dielectric columns are stacked together periodically every four layers, and the distance between those four layers is a. For each function dielectric column layer, the inserted columns are parallel, and the interval between two centers of dielectric rods is a. In those four layers, each layer is rotated by 90°to obtain the next layer. However, there is a 0.5a movement between the first and third layers. A similar movement can also be seen in the second and fourth layers. A similar PC structure can also be seen in [25, 34] . The radius of the function dielectric columns is R, and the length of the unit cell is a. ε p is the permittivity of plasma, and ε a is the relative dielectric constant of the inserted rods. In figure 1(c) , the symmetry points in the 1st BZ are illustrated (further details are provided in [25, 34] ). In this paper, the plasma and embedded function dielectric columns are homogeneous, and the scale of the plasma background is infinite. As we know, ε p for cold plasma meets the Drude model [3] 
where k is a wave vector in the Brillouin zone, and e , 1  e 2  are orthogonal unit vectors. Obviously, in reciprocal space, the dielectric distribution can also be expanded as [17] [18] [19] r Ge . 4 
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if equation (8) can be calculated, the PBGs of 3D FPPCs will be obtained. On the other hand, in nature, the Kerr nonlinear and electro-optical dielectrics are typical function dielectrics.
For generalization purposes, we use the function dielectric to describe those materials as mentioned above, whose permittivity can be expressed as ε a (r)=I·r 1 +B. r 1 is the distance between space ordinate r (in the inserted rod) to the central axis of the inserted rod, and the function coefficient and parameter are I and B, respectively. In reality, function dielectric rods can be realized by polystyrene or SiO 2 . For ease of investigation, the chosen model of the function dielectric is similar to that in [31] [32] [33] . However, in some cases, equation (4) cannot be calculated. For instance, ε a (r)= 20+e
). Fortunately, a modified PWE method [35] can be used to solve such a problem.
In order to obtain the dispersion curves of such FPPCs, equations (6) and ( 
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In equation (10), ζ=ω/c, I is a unit matrix, and c is the speed of light in a vacuum. Thus, 
, (e) the dispersion curves of the PCs with simplecubic lattices when all of the parameters are the same as those in figure 2(d) .
where
In equation ( In the 1st BZ, the eigenvalues of equation (12) are the final solution. Obviously, the dispersion curves of such FPPCs can be plotted according to the solution of equation (12) . It should also be noted that the skill of calculating ε G,G′ −1 is the same as that referred to in [36, 37] . In this paper, a similar skill is also used to compute the band structures.
Calculation results and discussion
For the PWE method, 2197 plane waves [37, 38] and 72 k-vectors in the 1st BZ are used to perform the following calculations, and the unit cell is composed of 238×238× 238 cubes [35] . It means that the size of the matrix R is 8788×8788. We use ωa/2πc to normalize the values of ω p and ν c . If we consider ω p0 =2πc/a as a default value, the values of ω p and ν c are equal to 0.15ω p0 (ω p1 ) and 0.0003ω p0 (ν c1 ), respectively. Similarly, we also consider the initial value of R=0.125a. In order to make a comparison, the PC dispersion curves under different conditions are plotted when R=0.125a in figure 2 . The red areas indicate the PBGs. We can see from figures 2(a) and (b) that if ω p =0 and ν c =0, the permittivity of the background is equal to 1. In such a case, the proposed PCs can be seen as conventional PCs (I=0). It can be seen from figure 2(a) that a PBG can be observed, which is 0.380 662-0.458 649 (2πc/a). As shown in figure 2(b) , if I is equal to 15, red shifts can be seen in the edges for the PBG. The location of the PBG changes to 0.368 705-0.44 896 (2πc/a). Compared to figures 2(a) and (b), the region of the PBG increases when the function dielectric is introduced. If ω p =ω p1, ν c =ν c1 and ε a =16 (see figure 2(c) ), the PBG is located at 0.385 972-0.470 903 (2πc/a), and there is a flatband region (FR), which runs from 0-0.458 649 (2πc/a). Such a phenomenon can be explained. Due to the existence of surface plasma waves, localized fields can be seen around the inserted function dielectric rods [20] [21] [22] . Therefore, an FR can be observed. Compared to figure 2(a) , a blue shift be seen in the edges of the PBG, and also the frequency range is increased by 0.0069 (2πc/a). Such phenomena can also be seen in [20] [21] [22] . As shown in figure 2(d) , if I=15, the PBG is 0.373 913-0.461 608 (2πc/a). Similarly, a red shift can be seen in the edges of the PBG. Obviously, the bandwidth of the PBG is enlarged compared with figures 2(b) and (c). We can also see from figure 2 that the largest PBG can be seen in figure 2(d) , whose frequency range is 0.0877 (2πc/a). In figure 2(e) , the band structures of the 3D PPCs with SC lattices are plotted where all the parameters are the same as those in figure 2(d) . As shown in figure 2(e), there are no PBGs. Compared with conventional PPCs, an improved performance of the PBGs can be observed in the 3D woodpile PPCs. As mentioned above, it is a good choice to broaden the PBG by introducing the function dielectric. On the other hand, in order to prove that introducing 2197 plane waves provides sufficient convergence, we also compute the introduction of 3375 plane waves. For convenience, the dispersion curve of the fourth band above the FR (the lower edge of the PBG) is calculated when the plane waves of the PWE method are different. The values of the R point for the fourth band above the FR are 0.373 578 and 0.373 689 when introducing plane waves equal to 2197 and 3375, respectively. Obviously, using 2197 has sufficient convergence for the PWE method.
The dispersion curves of the FPPCs with different I are displayed in figure 3 as ω p =ω p1 , ν c =ν c1 , R=0.125a, ε a (r)=I·r 1 +16. We can see from figure 3 that if I is changed, the location and bandwidth for the PBG also change. One PBG can be observed between bands 4 and 5 (above the FR). When I is increased, a red shift can be seen in the edges of the PBG. When I=55, the PBG is 0.346 699-0.438 325 (2πc/a), and its bandwidth is 0.0916 (2πc/a). When I=100, the PBG is 0.322 347-0.415 702 (2πc/a), and its bandwidth is 0.0934 (2πc/a). Obviously, the PBG is enhanced when I is increased. In figures 2(c) and (d), similar trends can also be found. If I=0 and 15, the bandwidths of the PBG are 0.0849 and 0.0877 (2πc/a). Obviously, we know that the region of the PBG will increase when I is increased. Red shifts can also be found in the edges of the PBG. Such a changing trend of the PBG is easily understood. This is because the averaged permittivity of these FPPCs becomes larger as I becomes larger [2] . Thus, the location and bandwidth of the PBG can be manipulated by I. One can see from figure 4(a) that red shifts can be observed in the edges of the PBG. The region of the PBG becomes larger as I becomes larger. The largest bandwidth of the PBG appears in the case of I=100, which is 0.0934 (2πc/a). When I is increased from 0 to 100, the region of the PBG is increased by 0.0085 (2πc/a). A similar phenomenon can be seen in the relative bandwidth versus I. In figure 4(b) , δω is the bandwidth of the PBG, and ω i represents the center frequency of the PBG. As shown in figure 4(b) , the value of the relative bandwidth is proportional to the change of I. If I is changed to 100, the largest PBG can be obtained, which is 0.252 98. Compared with the case of I=0, an increase of 0.0547 can be obtained. It is worth noting that the location of the FR will never change when I is increased. This is because the value of ω p determines the location of the FR [20] [21] [22] .
The dispersion curves of the FPPCs with different B are plotted in figure 3 as ω p =ω p1 , ν c =ν c1 , R=0.125a, ε a (r)=I·r 1 +16, and I=15. One can see from figure 5 that if B is changed, the location and bandwidth for the PBG also alter. As shown in figures 5(a)-(c) , the location of the PBG will redshift (B=10, 20, 30), and its frequency range increases. If B=30, the largest PBG can be obtained, which is 0.096 55 (2πc/a). Obviously, red shifts can be observed in the edges of the PBG, and its bandwidth is also enlarged compared with figure 2(d) . It can also be seen from figures 5(d)-(f) that when B is changed to 100, the PBG is narrowed and a red shift of its edges can also be seen. The region of the PBG is altered from 0.287 59-0.384 14 (2πc/a) to 0.168 04-0.234 23 (2πc/a), which is a decrease of 0.0304 (2πc/a). The diagrams of B versus PBG and B versus δω/ω i are given in figure 6 . As shown in figure 6(a) , red shifts can be seen in the edges of the PBG. The region of the PBG increases first and then decreases. The largest PBG can be found in the case of B=30. It also can be seen from figure 6(b) that when B is increased, δω/ω i increases first, then decreases. The largest δω/ω i appears with the case of B=70, which is 0.335 34. If B varied from 5-70, δω/ω i increased by 0.3173. Therefore, for a PBG, the tunable region can be very large when B changes in a larger range. As mentioned above, a widened PBG can be achieved by optimizing the value of B.
The dispersion curves of the FPPCs with different ω p are presented in figure 7 as R=0.125a, ν c =ν c1 , and ε a (r)=15·r 1 +16. As shown in figure 7 , the location and region of the PBG can be tailored by ω p but the FR will also be altered. If ω p is increased, the PBG will blueshift, and the region of the PBG increases first, then decreases. However, the upper edge of the FR linearly increases when ω p becomes larger. When ω p /ω p0 is changed from 0.01 to 0.31 (see figures 7(a)-(b) ), the region of the PBG is altered from 0.368 727-0.449 533 (2πc/a) to 0.395 182-0.499 071 (2πc/a). The frequency range of the PBG is increased by 0.0231 (2πc/a). If we continue to increase the value of ω p (see figures 7(e)-(f)), the upper edge of the FR increases but the region of the PBG decreases. When ω p /ω p0 is changed from 0.41 to 0.51, the covered region of the PBG is altered from 0.432 451-0.535 956 (2πc/a) to 0.515 047-0.581 926 (2πc/a), and its frequency range is decreased by 0.0366 (2πc/a). Therefore, the PBG is narrowed compared to figure 7(d) . The diagrams of ω p versus PBG and ω p versus δω/ω i are plotted in figure 8 . It can be seen from figure 8(a) that if ω p /ω p0 becomes larger, blue shifts can be observed in the edges of the PBG. If ω p /ω p0 =0.36, the largest PBG can be observed, and its covered region is 0.107 22 (2πc/a). When ω p /ω p0 is increased from 0.15 to 0.36, the region of the PBG is increased by 0.0195 (2πc/a). If ω p >0.7ω p0 , the PBG will be gradually narrowed. If ω p >ω p0 , the PBG will disappear. Based on the results in figure 8(a) , we can obtain the following conclusion: the requirement of a larger value of ω p is not necessary to achieve a larger PBG. In figure 8(b) , similar trends for δω/ω i can also be observed. If ω p /ω p0 becomes larger, δω/ω i will increase first and then decrease. When ω p /ω p0 is increased to 0.36, the largest δω/ω i can be achieved. Such a value is 0.231 67. Compared with the case of ω p /ω p0 =0.15, δω/ω i is increased by 0.0202. Consequently, the PBG can be adjusted by changing the value of ω p , which is a key parameter for enlarging the PBG.
The dispersion curves of FPPCs with different R are plotted in figure 9 as ω p =ω p1 , ν c =ν c1 , and ε a (r)= 15·r 1 +16. We can see from figure 9 that the PBG can be adjusted by altering the value of R, and R is also a key parameter. As shown in figure 9(a) , if R=0.1a, the PBG does not exist. When R is increased (see figures 9(b)-(d)), a red shift can be found in the edges of the PBG, and its bandwidth is enlarged. When R is increased from 0.1065a to 0.11875a, the covered region of the PBG will be altered from 0.486 33-0.507 43 (2πc/a) to 0.408 83-0.480 23 (2πc/a), and its bandwidth is increased by 0.0503 (2πc/a). The diagrams of R versus PBG and R versus δω/ω i are shown in figure 10 . One can see from figure 10(a) that the covered region of the PBG moves downwards to the lower frequencies when R is increased, and its bandwidth also increases. The largest δω/ω i can be found in the case of R=0.125a. As shown in figure 10(b) , δω/ω i becomes larger as R becomes larger. When R=0.125a, the largest δω/ω i can be achieved, which is 0.198 23. If R/a varied from 0.106 25 to 0.125, δω/ω i increased by 0.1557. Obviously, if we want to obtain a larger PBG, the value of R/a has to be large. This can be explained by the fact that a larger R/a means that the average refractive index of such FPPCs is large enough to open a PBG.
It is worth noting that the proposed FPPC structure is difficult to realize, and controlling the plasma is also difficult. If we want to realize FPPCs in the experiment, plasma tubes can be used, as referred to in [39] . Plasma tubes and function dielectric rods used to form FPPCs with woodpile lattices may be a good choice. 
Conclusions
In summary, the features of the band structures for woodpile 3D FPPCs composed of plasma and function dielectric constituents with face-centered-tetragonal symmetry are theoretically investigated by the PWE method, and the formulas to calculate the band structures are derived. The inserted function dielectric rods are surrounded by plasma. The permittivity of the proposed function dielectric rods are expressed as ε a (r)=I·r 1 +B, which is a function of the space coordinates r. The influence of the parameters for function dielectric rods and plasma on the PBGs is also studied. The computed results demonstrate that a larger PBG can be achieved in the proposed 3D FPPCs compared with dielectricair PCs, function dielectric PCs and plasma dielectric PCs with the same topology. The bandwidth and location of the PBG can be adjusted by altering the parameters of the inserted function dielectric rods and plasma. Red shifts can be observed in the edges of the PBG when the values of I, B and R are increased. In contrast, blue shifts can be observed in the edges of the PBG when ω p is increased. Larger PBGs can be obtained with a larger value of I, B or R. A larger ω p will lead to a narrower PBG, and a larger PBG appears in the low-ω p region. Obviously, such 3D FPPCs are capable of achieving a larger PBG and adjusting the PBG. On the other hand, if parameter optimization has been performed, 3D FPPCs can be utilized to construct tunable applications, and the calculated results also show us an alternative way to realize reconfigurable applications with 3D FPPCs.
